The fusion glycoprotein (F B ) gene of five strains of the B subtype of avian pneumovirus (APV ; turkey rhinotracheitis virus) has been sequenced. The length of the F B protein was 538 amino acids, identical to that of the F protein of subtype A virus, with which it had 74 % and 83 % overall nucleotide and deduced amino acid identities, respectively. The F B and F A ectodomains had 90 % amino acid identity, very similar to the 91 % identity between the ectodomains of the F proteins of subtype A and B human respiratory syncytial virus (HRSV). As with HRSV, the F2 polypeptide was less conserved (83 % identity) than F1 (94 %). In contrast to the ectodomain, the transmembrane and cytoplasmic domains
Introduction
Avian pneumovirus (APV), or turkey rhinotracheitis virus, was discovered in 1978. It is the major respiratory pathogen of turkeys in many countries and contributes to respiratory disease in the domestic fowl Jones, 1996 ; Naylor & Jones, 1993) .
Pneumoviruses are enveloped viruses with single-stranded, negative-sense RNA genomes . APV has recently been assigned to a genus distinct from Pneumovirus, within the family Paramyxoviridae, subfamily Pneumovirinae, although a name for the new genus has yet to be agreed (Pringle, 1996) . Mammalian pneumoviruses, all within the Author for correspondence : Clive Naylor. of the two APV subtypes were much less conserved (30 % and 48 % identity, respectively) than those of HRSV (92 % and 87 %, respectively). Comparisons within all the genera of the Paramyxoviridae (Pneumovirus, Morbillivirus, Paramyxovirus and Rubullavirus) show that low amino acid identity between F protein transmembrane domains is a feature of different species of virus rather than of strain differences. This may indicate that the two subtypes of APV have evolved in different geographical regions and/or different avian species. This is the first report of an F gene sequence from a subtype B APV.
genus Pneumovirus, have the gene order 3h NS1-NS2-N-P-M-SH-G-F-M2-L 5h, in contrast to APV where the order is 3h N-P-M-F-M2-SH-G-L 5h (Ling et al., 1992 ; Yu et al., 1992 b) , the non-structural protein NS1 and NS2 genes being absent from APV (Randhawa et al., 1997) . All the genes of a subtype A APV, strain UK\3B\85, have been sequenced (Li et al., 1996 ; Ling et al., 1992 Ling et al., , 1995 Randhawa et al., 1996 b ; Yu et al., 1991 . The deduced amino acid sequences were found to have approximately 40 % amino acid identity with those of the mammalian pneumoviruses.
Two virus proteins form projections at the pneumovirus surface, the G glycoprotein (cell attachment protein) and the fusion (F) protein, which mediates fusion of the virus envelope with cell membranes. The F protein is cleaved into two subunits, amino-terminal F2 and carboxy-terminal F1, at an arginine-lysine rich sequence (connecting peptide). APV isolates have been divided into two subtypes, A and B, on the basis of amino acid sequence differences in the G glycoprotein ; the subgroups have only 38 % amino acid identity in the G protein (Juhasz & Easton, 1994) .
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The F protein gene of a subtype A APV was the first APV gene to be sequenced (Yu et al., 1991) . Here we report the sequence of the fusion protein gene of a subtype B APV.
Methods
APV viruses and RNA extraction. The origin, passage history and subsequent growth in our laboratory of subtype B isolates (country\number\year of isolation), France\PR8602\86, Hungary\89 and Italy\182\88, have been described previously (Cook et al., 1993) , as has the method of extraction of APV RNA using guanidinium isothiocyanate (Li et al., 1993) . The F B gene of a British APV isolate UK\8\94 was produced by RT-PCR amplification following growth of the isolate in tracheal organ cultures prepared from embryos of the domestic fowl (Cook et al., 1993) . APV subtype B was detected on oesophageal swabs from turkeys in Hungary by RT-PCR specific for the G B glycoprotein gene (Naylor et al., 1997) . The F B gene was also produced by RT-PCR amplification from RNA extracted from the swabs ; this virus is referred to as Hungary\97. The amino acid sequences of the transmembrane and cytoplasmic domains of three strains of subtype A APV (UK\103\88, UK\82\90 and UK\100\90) were deduced following sequencing of the corresponding part of the F protein genes which had been amplified by RT-PCR.
Preparation of cDNA. First-strand cDNA synthesis was carried out using negative-sense APV virion RNA and oligonucleotide MF1.3j (5h ACATGGAACCACCAGAGGACT 3h), corresponding to nucleotides 734-754 of the M protein mRNA of the subtype B APV isolate Italy\2119\88 . The APV M gene is situated immediately 3h of the F gene on the APV genome. cDNAs containing full-length F genes were produced by a nested PCR using oligonucleotides derived from sequences in the APV M and M2 genes ; the APV M2 gene is immediately 5h of the F gene on the APV genome. The nested PCRs used oligonucleotide MF1.2j (5h AGGTATATCCTGAAGTC-CCGC 3h) corresponding to nucleotides 755-775 of the M protein mRNA of subtype B APV . The M2 gene sequence for subtype B APV was unknown, so the M2-derived oligonucleotides for the nested PCRs were based on regions of nucleotide similarity between the M2 genes of subtype A APV (Ling et al., 1992 ; and subtype A human respiratory syncytial virus (HRSV) (Collins et al., 1984) . Three M2 gene oligonucleotides were prepared : M2:1-(5h GACATCTTCACTTGTCCC 3h, complementary to nucleotides 1-19 in the M2 mRNA as described in , M2 : 2-(5h CGAATTTCATATCTGCAGGGATT 3h, complementary to nucleotides 26-48 as described in Yu et al., 1992 b) and M2 : 3-(5h CATGATCAGGCCAGGACCAATAATTATG 3h, complementary to nucleotides 86-113 as described in Yu et al., 1992 b) .
The initial PCRs were performed using oligonucleotides MF1.3j and M2 : 3-, and the nested PCRs using oligonucleotides MF1.2j and M2 : 1-or M2.2-. Each PCR was of 35 cycles and comprised denaturation at 94 mC (1 min), annealing at 50 mC (1 min) and extension, using Taq polymerase (Promega), at 72 mC (1 min) in the presence of Taq Extender (Stratagene).
Nucleotide sequencing. Direct sequencing of PCR products was done using the Sequenase PCR product sequencing kit (USB, Amersham). Initially the ends of the PCR product derived from the French isolate were sequenced. New oligonucleotides were prepared based on the newly determined sequence and the process repeated in a progressive manner. In this way, both positive and negative strands were sequenced in their entirety. The PCR products derived from the other strains were predominantly sequenced in just one direction but, where a nucleotide differed between the strains, another RT-PCR was performed and the sequence determined again. In every instance the initial nucleotide identity was confirmed.
Comparison of amino acid sequences. The nucleotide sequence database accession numbers for the Paramyxoviridae strains compared in Table 2 are : HRSV A2, P03420 ; HRSV RSS2, D00953 ; HRSV B18537, D00334 ; Newcastle disease virus (NDV) Beaudette, X04719 ; NDV Taiwan 1995, V62620 ; human parainfluenza virus 3 (HPIV-3) NY\-6508\81, S82195 ; HPIV-3 Wash\47885\57, X05303 ; rinderpest virus (RPV) Kabeto O, M21514 ; RPV Egypt 1984, Z31655 ; bovine respiratory syncytial virus (BRSV) 391-2, M58350 ; measles virus Edmonston, M14915 ; phocine distemper virus 1, Z36979 ; canine distemper virus Onderstepoort, X65509 ; HPIV-1, M22347 ; Sendai virus, P27564 ; HPIV-2, M37751 ; simian virus 5, P04849.
Results and Discussion
Characteristics of the nucleotide sequence of the F B protein gene
The F B gene was identical in length (1640 nucleotides) to that of subtype A virus, with 74 % overall identity (Table 1) . Within the A subtype, all the genes, with the exception of that encoding the L (polymerase) gene (Randhawa et al., 1996 b) , commence with the sequence GGGACAAGU (mRNA sense). The F B gene differed slightly, commencing with GGGGCA-AGU. At the end of the gene the two subtypes both had the sequence AGUUA (mRNA sense), which is common to some of the other APV genes and is part of the transcription stop\polyadenylation signal. Immediately after this sequence there were two nucleotide differences between the subtypes. Also, subtype B had an intergenic region of three nucleotides (AGT) compared with two (TT) for subtype A.
Characteristics of the F B protein sequence
The deduced amino acid sequence of the F protein of the UK\8\94 subtype B isolate is shown in Fig. 1 . It had an overall identity of 83 % with that of the UK\3B\85 subtype A strain (Table 1) . The ectodomain, i.e. excluding the amino-terminal signal peptide and carboxy-terminal transmembrane region and cytoplasmic tail, had 90 % identity, almost the same as that exhibited by the two subtypes of HRSV (Table 1 ; Johnson & Collins, 1988) . Furthermore, the ectodomain of the F1 polypeptide of APV showed greater conservation than the F2 polypeptide, very similar to the degree exhibited by the HRSV subtypes (Table 1) . Another similarity between APV and HRSV was that the first part of F2 is more conserved than the remainder of F2, not only within a subtype but also between subtypes (Fig. 1) .
The most conserved domain was that encoding the amino terminus of F1, presumed to be the membrane fusion-related domain, as there was only one, conservative difference among 23 residues. The APV peptide connecting F2 with F1 comprised RKKR and RRRR for the subtype B and A strains, respectively. APV differs from HRSV in this respect, the latter having the connecting peptide KKRKRR for both subtypes A and B. In contrast to HRSV, there was very little identity, 30 % and 48 %, respectively, between the carboxy-terminal transmembrane domain and cytoplasmic tail of the two APV subtypes, even the amino acid similarity was 68 % or less ( Fig.  1 ; Table 1 ). That part of the F protein gene encoding the transmembrane and cytoplasmic domains of three British Table 2 . Comparison of the degree of conservation of domains of the F proteins of species and strains within the four genera of the Paramyxoviridae * HRSV, human respiratory syncytial virus ; NDV, Newcastle disease virus ; HPIV-3, human parainfluenza virus 3 ; RPV, rinderpest virus ; APV, avian pneumovirus ; BRSV, bovine respiratory syncytial virus ; MV, measles virus ; PDV-1, phocine distemper virus 1 ; CDV, canine distemper virus ; HPIV-1, human parainfluenza virus 1 ; SV, Sendai virus ; HPIV-2, human parainfluenza virus 2 ; SV5, simian virus 5.
† The shaded areas indicate where the degree of conservation between the hydrophobic domains of two viruses was very much lower than in the case of their ectodomains.
isolates of APV subtype A isolated between 1988 and 1990 was sequenced and found to be identical to that of the subtype A isolate 3B (1985) used for comparison with the subtype B strains. The very low conservation of the transmembrane and cytoplasmic domains between the subtype A and B strains prompted an analysis of the extent to which the transmembrane and cytoplasmic tail domains were conserved among species of all four genera (Pneumovirus, Morbillivirus, Paramyxovirus and Rubullavirus) of the Paramyxoviridae. Strains considered to be of the same virus species had highly conserved F protein transmembrane and cytoplasmic domains (Table 2 , top half). In contrast, strains of viruses considered to be of different species had very poorly conserved transmembrane and cytoplasmic domains even though the ectodomains had 80 % identity (Table 2 , bottom half). The exceptions were HRSV and BRSV, which had moderately high (73 %) identity in their transmembrane domains. Amino-terminal signal sequences also showed poor conservation, but this was sometimes also the case within a virus species, e.g. HRSV of subtypes A and B, and some strains of Newcastle disease virus ( Table 2 ). The cytoplasmic domain was sometimes highly conserved between species, e.g. phocine distemper virus compared with canine distemper virus ( Table 2 ). The most consistent feature was that of very poor conservation of transmembrane sequences, relative to the ectodermal parts of the protein, between different virus species. The two subtypes of APV had very low conservation not only in the transmembrane domain but also in the signal and cytoplasmic domains. A virus species has been defined as ' a polythetic class of viruses that constitute a replicating lineage and occupies a particular ecological niche ' (van Regenmortel et al., 1997) . It would be inappropriate to suggest that the two subtypes of ARTV should be considered as separate species on the basis of only one attribute, in this case low conservation in the transmembrane region of the F protein. However, the low level of conservation in this domain is unusual for members of a given genus within the Paramyxoviridae. It may indicate that the two subtypes of APV have evolved in different avian species and\or in geographically distinct regions. It should be noted that the G proteins of the two subtypes have only 38 % overall identity (Juhasz & Easton, 1994) . The N and M genes also differ to a greater extent than between HRSV subtypes (Li et al., 1996 ; . The APVs were unknown until their discovery in poultry in the late 1970s\early 1980s, and it is thought that they probably originated in wild birds.
Conservation within the subtype B isolates of APV
The French PR8602\86 strain was the first of subtype B virus to be isolated, in 1986, in Europe. The APVs isolated in the UK in the previous year were of subtype A. Subsequently, in 1988 and 1989 , APV subtype B strains were isolated in Italy, Hungary and Spain. Subtype B APV was not detected in the UK until 1994 (Naylor et al., 1997) , although it might have entered the country sometime earlier in the decade. It is of interest and of importance with respect to poultry welfare to know to what extent the APV viruses of the mid-to late-1990s resemble those of the previous decade ; current vaccines were developed from early isolates. To address this question we have sequenced the F B gene of France\PR8602\86 (isolated from chickens), Italy\182\88 and Hungary\89 and compared these with UK\8\94 and Hungary\97.
All five isolates revealed remarkably high nucleotide sequence identities (98n7-99n7 % identity) with correspondingly high amino acid identities (98n9-99n8 %). The three isolates from the 1980s had 99n6-99n7 % nucleotide identity with each other, whilst the UK\8\94 and Hungary\97 viruses differed from each other and from the 1980s strains to a slightly greater extent (98n7-99n3 % identity). It is tempting to suggest that the greater number of differences exhibited by the later isolates is a consequence of mutation of the 1980s virus over the intervening years. However, caution must be exercised with regard to such a proposition. Studies of HRSV have shown that within a subtype the F gene is remarkably conserved (Plows & Pringle, 1995) . Six different lineages (genotypes) of subtype A HRSV, defined on the basis of SH, N and G protein gene sequences, had very similar F protein gene sequences, identity ranging from 94n5-98n5%.
In contrast, the G protein of genotypes within an HRSV subtype show extensive variation. Subgroup A and B HRSV exhibit variation of up to 20 % and 9 %, respectively, of G protein amino acids within the subtypes (Cane et al., 1991 ; Sullender et al., 1991) . An extensive study of subgroup A isolates of HRSV has indicated that there is a progressive accumulation of amino acid changes in the G protein, paralleled by differences in antigenicity, suggestive of antigenic drift (Cane & Pringle, 1995) . Different HRSV genotypes can coexist with respect to both time and place (Cane et al., 1991 (Cane et al., , 1994 .
Sequence analysis of the G protein gene of the UK\8\94 strain of APV revealed that it had 98n7-99n0 % nucleotide identity with that of the 1980s isolates (unpublished data). This very high degree of identity within a gene that has the capacity for extensive change does suggest that the British 1994 virus and the virus which had infected flocks in the 1980s had descended recently from a common progenitor, i.e. that they belong to the same genotype. The three 1980s isolates of APV had 99n3-99n8 % amino acid identity among their G proteins (Juhasz & Easton, 1994) . The slightly lower G protein amino acid identity (99n1-99n4 %) between the 1994 British isolate and the 1980s isolates indicates that some mutations have occurred in the interim.
In summary, the ectodomains but not the hydrophobic domains of the F A and F B proteins of APV were highly conserved. The subtype B APV isolated in Britain in the mid1990s is of the same genotype of subtype B virus as that first detected in continental Europe a decade earlier. Given the diversity that exists among HRSV strains within a subtype, it is highly likely that other genotypes of APV exist within both subtypes, some of which may be capable of causing disease in poultry.
